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Ab$. t rac t 
The Direct Simulat ion Monte C a r l 1 3  method j s  used t o  s t u d y  t h e  
hype r son ic ,  r a r e f i e d  flow i n t e r f e r e n c t  e f f e c t s  on a f l a t  p l a t e  caused by 
nearby s u r f a c e s .  C a l c u l a t i o n s  focus  am shock-boundary-layer and shock-lip 
i n t e r a c t i o n s  i n  hypersonic  i n l e t s .  R( : su l t s  ar t  p re sen ted  f o r  geomet r i e s  
c o n s i s t i n g  of a f l a t  plate with d i f f e r e n t  leading-edge shapes over  a f l a t  
lower w a l l  and a blunt-edged f l a t  plat-e over a 5-degree wedge. The problems 
s imula t ed  correspond t o  a t y p i c a l  e n t r y  f l i g h t  c o n d i t i o n  of 7.5 km/s a t  
a l t i t u d e s  of 75 t o  90 km. The r e s u l t s  show i n c r e a s e s  i n  p r e d i c t e d  local 
h e a t i n g  rates f o r  shock-boundary-layer and shork - l ip  i n t e r a c t i o n s  t h a t  are 
q u a l i t a t i v e l y  s€milar t o  those observcd expe r imen ta l ly  a t  much h i g h e r  
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Viscous- inviscid i n t e r a c t i o n s  occ.urring i n  h igh  Mach number f l i g h t  
r e p r e s e n t  one of t h e  most s eve re  problems a s s o c i a t e d  wi th  hype r son ic  c r u i s e  
and e n t r y  v e h i c l e s .  The s t r o n g e s t  i n t e r a c t i o n s  are u s u a l l y  a s s o c i a t e d  wi th  
some form of shock impingement such ar t h a t  o c c u r r i n g  on t h e  cowl l i p  o r  w a l l  
boundary l a y e r s  of hypersonic  i n l e t s  as i l l u s t r a t e d  i n  Fig.  1. These 
i n t e r a c t i o n s  can r e s u l t  i n  high l o c a l  h e a t i n g  which may l e a d  t o  component 
f a i l u r e s .  An e x c e l l e n t  review OE t he  v a r i e t y  oE p r o b l e m  t h a t  can occur  
a l o n g  wi th  examples of some a c t u a l  f a j  l u r e s  i s  given by Korkegi. 1 
The most s e v e r e  c o n d i t i o n s  f o r  vi  s cous - inv i sc id  i n t e r a c t i o n  problems are 
u s u a l l y  a s s o c i a t e d  with t h e  h i g h e r  d e n s i t i e s  of t h e  continuum flow regime. 
However, s imi la r  i n t e r a c t i o n s  are expcscted t o  occur a t  t he  lower d e n s i t i e s  
a s s o c i a t e d  with i n i t i a l  e n t r y  o r  sub-c r b i t a l  maneuver c o n d i t i o n s  ( t y p i c a l l y  
above 70 km). Although the  s t r e n g t h  c:€ t h e  i n t e r a c t i o n s  may be expected t o  
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be weaker i n  t h e s e  t r a n s i t i o n a l  f lows ,  l o c a l i z e 1  problems may s t i l l  occur.  
Furthermore,  even when t h e  o v e r a l l  f l o g f i e l d  is e s s e n t i a l l y  continuum, t h e  
a n a l y s i s  of t h e  problem may r e q u i r e  m o d i f i c a t i o i s  t o  a m o u n t  f o r  l o c a l  
t r a n s i t i o n a l  o r  r a r e f i e d  f low e f f e c t s . * s 3  
based a n a l y s i s  t y p i c a l l y  l e a d s  t o  an o v e r p r e d i c r i o n  of t h e  l o c a l  h e a t i n g  
rates i n  such cases. 
The me of a pure ly  continuum- 
The Direct S imula t ion  Monte Carlo (DSNC) method of: R i r d 4 r 5  has  been 
used e x t e n s i v e l y  t o  s tudy  a v a r i e t y  of t r a n s i t i m a l  and r a r e f i e d  f low 
problems i n  hypersonic  flows. For t he  most p a r t ,  t hese  s t u d i e s  have focused 
on modeling t h e   physic^^-^ or on c a l c u l a t i o n s  oE complex f lows about s imple  
geomet r i e s  . lo-'' 
t hey  r e q u i r e  t h e  more d i f f i c u l t  three-dimensional  codes l6 or r e q u i r e  prohib i -  
t i v e l y  l a r g e  computer s t o r a g e  and CPU time t o  r e s o l v e  t h e  f l o w  around complex 
shapes  even f o r  two-dimensional p r o b l e m .  However, wi th  t h e  c u r r e n t  a v a i l a -  
b i l i t y  of supercomputers  and with r ecen t  improvanents t o  e x i s t i n g  DSMC 
computer codes a '  l 7  t h a t  p rovide  e a s i e r  s e t u p  f o r  complex geometr ies ,  
mu l t i - su r face  i n t e r a c t i o n  problems can be more r e a d i l y  s tud ied .  
S t u d i e s  of more complex geometr ies  have been l i m i t e d  s i n c e  
The purpose of t h e  p re sen t  paper is t o  p re sen t  i n i t i a l  r e s u l t s  of a 
study of some of the b a s i c  i n t e r a c t i o n s  shown i-i Fig.  1 f o r  hypersonic  
i n l e t s .  Although c a l c u l a t i o n s  are presented  f o r  s p e c i f i c  geometr ies  (see 
Fig.  21 ,  t h e  r e s u l t s  are mainly in tended  t o  demonst ra te  t h e  n a t u r e  of t h e  
i n t e r a c t i o n s  a t  low d e n s i t i e s  and t o  s'?ow both the  s i m i l a r i t i e s  and t h e  
d i f f e r e n c e s  i n  comparisons t o  analogous i n t e r a c t i o n s  i n  continuum flows. A 
f l a t  p l a t e  was used t o  s imula t e  an i n l e t  cowl, s i n c e  e x t e n s i v e  s t u d i e s  have 
aBi rd ,  G. A . ,  P r i v a t e  Communication, 1987. 
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been made of t h e  flow over  i s o l a t e d  f l a t  p l a t e s  and t h e  expected flow 
behavior  i s  reasonably w e l l  understood. 12, 13, 16-21 
The r e s u l t s  i n  t h i s  paper focus  on some of t h e  b a s i c  i n t e r f e r e n c e  
e f f e c t s  between two p a r a l l e l  f l a t  p l a t e s  and on t h e  i n t e r f e r e n c e  caused by an  
o b l i q u e  shock impinging on t h e  l ead ing  edge of t he  p l a t e .  The c a l c u l a t i o n s  
were performed a t  nominal entry- type c o n d i t i o n s  of 7.5 km/s a t  an  a l t i t u d e  of 
90 km f o r  t h e  p a r a l l e l  f l a t  p l a t e s  and over  an a l t i t u d e  range of 75 t o  90 km 
f o r  t h e  shock impingement c a l c u l a t i o n s .  
Direct Simulat ion Monte Car lo  Method 
The DSMC method of Bird has been desc r ibed  e x t e n s i v e l y  i n  t h e  
l i t e r a t u r e . 4 ,  
of molecules whose p o s i t i o n s ,  v e l o c i t i e s ,  and i ? t e r n a l  states are s t o r e d  and 
modified wi th  time as the  molecules move, c o l l i d e ,  and undergo boundary 
i n t e r a c t i o n s  i n  s imula t ed  p h y s i c a l  space.  A time s t e p  is chosen such that  
the  movement and c o l l i s i o n  processes  r an  be assumed t o  be uncoupled over  t h e  
d u r a t i o n  of t h e  s t e p .  The c a l c u l a t i o n s  are s t a r t e d  with an i n i t i a l  s ta te  
such as a vacuum o r  uniform e q u i l i b r i i a  flow. The s i m u l a t i o n  t i m e  i s  
i d e n t i f i e d  wi th  p h y s i c a l  t i m e  i n  t h e  l ea l  flow, and a l l  c a l c u l a t i o n s  are 
t r e a t e d  as unsteady. When boundary c v n d i t i o n s  a p p r o p r i a t e  t o  s t e a d y  flow are 
imposed, t h e  s o l u t i o n  i s  t h e  asymptot ic  l i m i t  of t h e  unsteady flow. 
The method c o n s i s t s  of s i m u l a t i n g  a gas  by some thousands 
A p h y s i c a l  space computat ional  c e l l  network i s  r equ i r ed  only t o  
f a c i l i t a t e  t h e  cho ice  of c o l l i s i o n  p a i r s  and t h e  sampling of flow proper- 
t ies.  The cel ls  may be d iv ided  i n t o  f u b c e l l s  f o r  s e l e c t i o n  of c o l l i s i o n  
p a i r s  t o  better s i m u l a t e  t h e  n e a r e s t  neighbor c o l l i s i o n s  i n  r eg ions  of h igh  
v o r t i c i t y .  The c o l l i s i o n s  are s imulated us ing  the  " v a r i a b l e  hard sphere"  
( V H S )  molecular  model w i th  mod i f i ca t ions  t o  account f o r  r o t a t i o n a l  and 
v i b r a t i o n a l  states i n  d i a tomic  o r  poly.itomic gases. 5 
Geometries and Condit ions f o r  tlke C a l c u l a t i o n s  
Two b a s i c  two-dimensional geometr ies ,  shown i n  Ftg. 2 ,  were s t u d i e d .  
F igu re  2 ( a )  shows a sharp-edged f l a t  p l a t e  para '  l e1  t o  a f l a t  lower w a l l .  
This  geometry was used t o  s t u d y  t h e  i n : e r a c t i o n s  between t h e  lower wall and 
t h e  f l a t  p l a t e  with d i f f e r e n t  boundary c o n d i t i o n s  imposed on the  lower w a l l .  
The e f f e c t s  of t he  leading-edge shapes shown i n  Fig.  ;!(c) were a l s o  
computed. A set of c a l c u l a t i o n s  was a l s o  made v i t h  t h e  lower w a l l  
r e p r e s e n t i n g  a 5-degree wedge ramp (Fi,;. 2 ( b ) )  LO produce an  o b l i q u e  shock 
t h a t  impinged on t h e  l e a d i n g  edge of t h e  p l a t e .  For these c a l c u l a t i o n s ,  on ly  
the  b lun t  ( c i r c u l a r )  l e a d i n g  edge was used. 
C a l c u l a t i o n s  f o r  t h e  f l a t  lower w a l l  were performed on ly  f o r  t h e  90-km 
c o n d i t i o n  u s i n g  t h e  f r e e s t r e a m  va lues  ::iven i n  Table 1. C a l c u l a t i o n s  f o r  the 
5-degree wedge lower w a l l  were made a t  a l l  f o u r  a l t i t u d e s  given i n  Table 1. 
The f r e e s t r e a m  Mach number was 2 7 . 2  i n  a l l  case;. The s p e c i e s  mole f r a c t i o n s  
a t  a l t i t u d e s  below 90 km were he ld  cons t an t  a t  J a lues  a p p r o p r i a t e  t o  90 km 
us ing  the  tables of Ref. 2 2 .  Thus the chemical s p e c i e s  s i m u l a t i o n  is 
r e a l i s t i c  on ly  a t  t h e  90-km cond i t ion .  Some of t he  flow parameters ,  
exp res sed  i n  terms of t h e  leading-edge nose r a d i u s ,  are g iven  i n  Table  2. 
The computat ional  domains and t y p f c a l  c e l l  g r i d s  € o r  t h e  two geomet r i e s  
are shown i n  Fig.  3. The heavy s o l i d  Lines r e p r e s e n t  r eg ion  boundar i e s  
w i t h i n  which t h e  t i m e  s t e p  and t h e  molecule weight ing f a c t o r  ( re la t ing t h e  
number of computat ional  molecules t o  t h e  number of p h y s i c a l  molecules)  are 
c o n s t a n t .  For t h e  c i r c u l a r  leading-edge cases, cel ls  were c l u s t e r e d  around 
the  l e a d i n g  edge. The c e l l  s i z e  was reduced a t  the  lower a l t i t u d e s  i n  o r d e r  
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t o  minimize t h e  flow g r a d i e n t s  ac ross  t h e  ce l l  i n  a d i r e c t i o n  normal t o  t h e  
leading-edge su r face .  
For a l l  c a l c u l a t i o n s ,  t he  wall temperature  of t he  f l a t  p l a t e  was assumed 
t o  be cons tan t  a t  1000 K, and gas-surface c o l l i s i o n s  were assumed t o  be 
d i f f u s e  wi th  f u l l  thermal  accommodation. The same w a l l  cond i t ions  were 
g e n e r a l l y  used f o r  t h e  lower w a l l  excrhpt f o r  a few cases with the  f l a t  lower 
w a l l  i n  which t h e  boundary was treated as s p e c u l a r  o r  as a f r ees t r eam 
boundary. 
R e s u l t s  and Discuss ion  
I s o l a t e d  F l a t  P l a t e  P r e d i c t i o n s  
To e s t a b l i s h  t h e  undis turbed  na tu re  of t h e  i s o l a t e d  f l a t  p l a t e  flow, 
c a l c u l a t i o n s  were made a t  the  90-km cond i t ions  wi th  each of t h e  leading-edge 
shapes and wi th  t h e  lower wall t r e a t e d  as a f r e e s t r e a m  boundary. The 
p r e s s u r e  and hea t  t r a n s f e r  d i s t r i b u t i o n s  a long  the  upper s u r f a c e  of t h e  p l a t e  
f o r  t hese  cases are shown i n  Fig. 4. A t  90 km, t h e  l e n g t h  of t h e  p l a t e  
corresponds t o  about 25 A,, and t h e  r e s u l t s  a r e  t y p i c a l  of t r a n s i t i o n a l  
f low behavior .  3’b 
and t h e  r e s u l t s  are nea r ly  i d e n t i c a l  I O  t h e  zero  t h i c k n e s s  case. The s l i g h t  
d i f f e r e n c e s  between t h e  -20 degree ant1 zero- th j  ckness r e s u l t s  are a t t r i b u t e d  
t o  t h e  f a c t  t h a t  molecules s t r i k i n g  t h e  lower s u r f a c e  of t h e  l e a d i n g  edge 
have a f a i r l y  h igh  p r o b a b i l i t y  of reaching  t h e  upper s u r f a c e  through gas-gas 
c o l l i s i o n s  a t  t h i s  Knudsen number. Wjth t h e  +20 degree  wedge and c i r c u l a r  
l ead ing  edges,  t h e  p r e s s u r e  and h e a t - t r a n s f e r  c o e f f i c i e n t s  are h i g h e s t  nea r  
t h e  l ead ing  edge and dec rease  downstrcaam, approaching t h e  zero  th i ckness  
For t h e  -20 degret,  wedge, t h e  upper s u r f a c e  is f l a t ,  
h o s s ,  J. N. , Unpublished Resu l t s ,  19fi7. 
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r e s u l t s  near  t h e  end of t he  p l a t e .  While t h e  +20 degree wedge shows h ighe r  
p re s su res  and hea t  t r a n s f e r  i n  Fig. 4 than the  c i r c u l a r  l ead ing  edge, r e s u l t s  
a r e  shown only f o r  t he  f l a t  po r t ion  of t h e  p la te  downstream of t h e  l ead ing  
edge. The peak s t a g n a t i o n  values  on t h e  l ead ing  edge i t s e l f '  are a c t u a l l y  
h ighe r  f o r  t he  c i r c u l a r  l ead ing  edge. I n  a l l  c a s e s ,  t h e  p re s su re  and hea t -  
t r a n s f e r  c o e f f i c i e n t s  are much h ighe r  than t h e  calcul2tted free-molecular  
va lues  of 0.003 f o r  Cp and 0.01 f o r  CH a t  these cond i t ions .  
shown i n  Fig. 4 are q u a l i t a t i v e l y  similar t o  those  expected i n  continuum 
flows. 
I n t e r a c t i o n s  wi th  F l a t  Lower Wall 
The t r e n d s  
The p res su re  and h e a t - t r a n s f e r  d i s t r i b u t i o n s  a long  t h e  lower s u r f a c e  of 
t h e  p l a t e  with the  b lunt  l ead ing  edge are shown i n  Fig. 5 f o r  d i f f e r e n t  lower 
wa l l  boundary cond i t ions .  The f r ees t r eam lower boundary c o n d i t i o n  r e p r e s e n t s  
t h e  i s o l a t e d  or undis turbed  f l a t  p l a t e .  A s p e c u l a r  lower boundary is 
equ iva len t  t o  a plane of symmetry, and the  geometry f o r  t h i s  c a l c u l a t i o n  is 
analogous t o  t h e  en t r ance  of a two-dimensional channel. whose h e i g h t  is twice 
the  d i s t a n c e  between the  p l a t e  and the  symmetry plane.  The r e s u l t s  show a 
g radua l  rise i n  t h e  p re s su re  and hea t  t r a n s f e r  due t o  t h e  growth of t h e  
boundary l a y e r  a long the lower surface of t h e  (upper )  f l a t  p l a t e .  
With a d i f f u s e  lower w a l l ,  t h e  gcsometry becomes similar t o  an i n l e t  with 
a f l a t  ramp, and the  r e s u l t s  show a more complex behavior .  The p res su res  are 
much h ighe r  than t h e  undis turbed  p r e d i c t i o n s ,  and t h e  d i s t r i b u t i o n  shows a 
s t e e p  rise s t a r t i n g  at about 0.16 m (approximately 7 A m ) .  The p r e s s u r e  
r eaches  a maximum a t  about 0.32 m and then dec reases  cont inuous ly  t o  the e x i t  
of t he  channel .  The h e a t - t r a n s f e r  d i s t r i b u t i o n  e x h i b i t s  a maximum near  t h e  
l e a d i n g  edge and decreases  cont inuous ly  downstream. However, t h e r e  does 
appear  t o  be an i n f l e c t i o n  i n  t h e  h e a t - t r a n s f e r  d i s t r i b u t i o n  near  t h e  
l o c a t i o n  of t h e  pressure rise. 
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The above behavior  i s  caused by the i n t e r a c t i o n  of a d i f f u s e  bow shock 
genera ted  by t h e  l e a d i n g  edge which s t r i k e s  and is r e f l e c t e d . f r o m  t h e  lower 
w a l l .  This  r e f l e c t i o n  is ev iden t  i n  the  p r e s s u r e  d i s t r i b u t i o n  a long  t h e  
s p e c u l a r  lower w a l l  shown i n  Fig. 6. S i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  l o c a t i o n  
of t h e  r e f l e c t e d  bow shock are seen f o r  d i f f e r e n t  leading-edge shapes. These 
d i f f e r e n c e s  are probably more pronounced a t  t h e  90-km c o n d i t i o n s  than might 
be expected a t  lower a l t i t u d e s  because of t h e  l a r g e  c u r v a t u r e  and t h i c k n e s s  
of the  shock, which i s  roughly t h e  same o r d e r  of magnitude as t h e  channel 
he igh t  . 
For t h e  d i f f u s e  lower w a l l  (see Fig. 7) ,  t h e  d i f f e r e n c e s  i n  t h e  
i n t e r a c t i o n  f o r  d i f f e r e n t  leading-edge shapes are not as pronounced. Also, 
the  r e l a t i v e  s t r e n g t h  of the  i n t e r a c t i o n  (in terms of the rat io  of pressures 
a c r o s s  t h e  i n t e r a c t i o n  r e g i o n )  is  reduced by t h e  presence  of t h e  lower w a l l  
boundary l a y e r  ( a l though  the  o v e r a l l  p r e s s u r e s  are h i g h e r  due t o  
boundary-layer d i sp lacement  e f f e c t s ) .  The r e s u l t s  shown h e r e  are q u a l i t a -  
t i v e l y  similar t o  t h e  exper imenta l  d a t a  of Kaufman and JohnsonP3 f o r  weak 
shocks  i n c i d e n t  on laminar  boundary l a y e r s .  Although t h e  exper iments  were 
conducted a t  much h ighe r  d e n s i t i e s  (Re,=106 p e r  me te r )  and a t  a lower 
Mach number (M,=8), a r easonab le  comparison can be made based on t h e  peak 
p r e s s u r e  rise. For t h e  r e s u l t s  i n  Fig. 7,  t h e  r a t i o  of peak t o  upstream 
p r e s s u r e s  is about 8 t o  10, whi le  t h e  r a t i o  of t h e  peak t o  upstream h e a t i n g  
rates is about 2.5 t o  3.0. Based on t h e  c o r r e l a t i o n  of h e a t i n g - r a t e  a m p l i f i -  
c a t i o n  t o  peak-pressure a m p l i f i c a t i o n  g iven  i n  Ref. 23, t h e  h e a t i n g - r a t e  
a m p l i f i c a t i o n  a t  t h e  same p r e s s u r e  a m p l i f i c a t i o n  would be roughly  15 t o  20 at 
t h e  Reynolds numbers of the  experiment.  The weaker i n t e r a c t i o n  f o r  t h e  
p r e s e n t  c a l c u l a t i o n s  is  perhaps not t oo  s u r p r i s i n g ,  s i n c e  t h e  shock is m c h  
more d i f f u s e  a t  t h e  lower d e n s i t i e s .  
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The p res su re  and h e a t - t r a n s f e r  d i s t r i b u t i o n s  downstream of t h e  shock 
. i n t e r a c t i o n  on t h e  d i f f u s e  lower w a l l  shows s i g n i f i c a n t  streamwise g r a d i e n t s  
ex tending  t o  t h e  e x i t  of t h e  i n t e r n a l  region.  Since t h e  boundary l a y e r s  are 
q u i t e  t h i c k  r e l a t i v e  t o  the  channel h e i g h t ,  a s i g n i f i c a n t  p o r t i o n  of t h e  
i n t e r n a l  f low is subsonic .  Therefore ,  it is q u i t e  l i k e l y  t h a t  t h e  l o c a t i o n  
of t h e  e x i t  and the  boundary cond i t ions  imposed on the  e x i t  plane may have a 
s i g n i f i c a n t  i n f l u e n c e  on t h e  shock-boundary l a y e r  i n t e r a c t i o n .  Because of 
t h i s  p o s s i b l e  i n f l u e n c e ,  t he  post-shock flow q u a n t i t i e s  may not  be 
r e p r e s e n t a t i v e  of those  f o r  i s o l a t e d  shock ref lect ions8 from laminar  boundary 
l a y e r s .  
I n t e r a c t i o n  wi th  5-Degree Wedge Lower Wall 
For the c a l c u l a t i o n s  with t h e  5-degree wedge lower w a l l ,  the main 
i n t e r e s t  i n  t h i s  s tudy  is on t h e  i n t e r a c t i o n  of t h e  ob l ique  shock genera ted  
by t h e  wedge with t h e  l ead ing  edge of the  f l a t  p l a t e .  Therefore ,  t h e  
fo l lowing  r e s u l t s  focus  on t h e  s u r f a c e  p r o p e r t i e s  on t h e  b lun t  l i p  of t h e  
p l a t e .  
The p res su re  and h e a t - t r a n s f e r  d i s t r i b u t i o n s  around t h e  l e a d i n g  edge of 
an i s o l a t e d  f l a t  p l a t e  are shown i n  Fig. 8 f o r  s e v e r a l  a l t i t u d e s .  The 
s t a g n a t i o n  p r e s s u r e  c o e f f i c i e n t  shows a s l i g h t  decrease with dec reas ing  
a l t i t u d e ,  whereas the  s t a g n a t i o n  h e a t - t r a n s f e r  c o e f f i c i e n t  dec reases  somewhat 
more r ap id ly .  ( I t  should be noted t h a t  a l though CH dec reases  with 
d e c r e a s i n g  a l t i t u d e ,  t h e  a b s o l u t e  h e a t i n g  rate a c t u a l l y  inc reases . )  The 
r e s u l t s  shown h e r e  are i n  reasonable  agreement with t h e  p r e d i c t i o n s  of Cuda 
and Moss" t h a t  were obta ined  under s i m i l a r  f r e e s t r e a m  cond i t ions  but  w i th  a 
l a r g e r  nose r ad ius .  A c o r r e l a t i o n  of t he  s t a g n a t i o n  h e a t - t r a n s f e r  
p r e d i c t i o n s  f o r  t he  present  c a l c u l a t i o n s  wi th  those  of Cuda and Moss is 
presented  l a t e r  i n  t h i s  paper. 
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A s  a r e s u l t  of t h e  v iscous  shock layer caused by the  5-degree wedge, t h e  
l ead ing  edge of t h e  f l a t  p l a t e  is sub jec t ed  t o  h ighe r  temperatures  and 
d e n s i t i e s .  The q u a l i t a t i v e  f e a t u r e s  of t h e  f l o w f i e l d  a r e  demonstrated by the  
gray-shaded contours  shown i n  Fig.  9, where the  da rke r  reg ions  r ep resen t  
h ighe r  tempera tures  and d e n s i t i e s .  The v a r i a t i o n  i n  t h e  e x t e n t  of the  
o v e r a l l  thermal  environment with a l t i t u d e  is c l e a r l y  shown by t h e  tempera ture  
contours ,  while  t h e  th i ckness  and l o c a t i o n  of t h e  ob l ique  wedge shock are 
reasonably ev ident  i n  t h e  d e n s i t y  contours .  A t  90 km, t h e  d i s t a n c e  from t h e  
s t a r t  of t h e  5-degree wedge t o  t h e  l ead ing  edge of t he  f l a t  p l a t e  corresponds 
t o  about 50 A=. A t  75 km, t h i s  d i s t a n c e  corresponds t o  about 800 A=. A t  
90 km, t h e  shock is very t h i c k  r e l a t i v e  t o  t h e  leading-edge r a d i u s ,  and t h e  
peak d e n s i t y  i n  t h e  undis turbed  shock is about twice t h e  f r ees t r eam va lue .  
A t  75 km, t h e  shock is more c l e a r l y  def ined  wi th  a peak d e n s i t y  t h a t  is about 
fou r  times t h e  f r ees t r eam dens i ty .  
It should be noted t h a t  t h e  g r a d i e n t s  i n  flow q u a n t i t i e s  ac rose  t h e  
shock are probably not adequate ly  reso lved  a t  t h e  lower a l t i t u d e s  because of 
t h e  r e l a t i v e l y  coa r se  g r i d  used f o r  sampling. Although an a t tempt  was made 
t o  a c c u r a t e l y  s imula t e  the  c o l l i s i o n s  i n  the  shock by i n c r e a s i n g  t h e  number 
of s u b c e l l s  a t  t h e  lower a l t i t u d e s ,  t h e  average flow p r o p e r t i e s  are always 
determined from t h e  t o t a l  sample wi th in  a c e l l .  Since t h e  g ray  contours  are 
produced by f i l l i n g  each ce l l  with a level-of-gray h a l f t o n e  shading  t h a t  is 
p r o p o r t i o n a l  t o  t h e  flow q u a n t i t y ,  th(1 shock may appear  t o  be a r t i f i c i a l l y  
smeared i n  t h e s e  contours .  However, the  c e l l  s i z e  used near  t h e  leading-edge 
s u r f a c e  was adequate  t o  g ive  reasonably a c c u r a t e  p r e d i c t i o n s  of s u r f a c e  
h e a t i n g  as determined by a c e l l - s i z e  s e n s i t i v i t y  s tudy.  
The p res su re  and hea t ing - ra t e  d i s t r i b u t i o n s  around t h e  p l a t e  l e a d i n g  
edge wi th  t h e  5-degree wedge shock are shown i n  Fig. 10. Both q u a n t i t i e s  
have been nondimensionalized by the  peak s t a g n a t i o n  va lues  f o r  t h e  i s o l a t e d  
l ead ing  edge a t  t h e  corresponding a l t i t u d e .  The re fo re ,  peak va lues  g r e a t e r  
t han  one i n d i c a t e  an a m p l i f i c a t i o n  of t he  p re s su re  or h e a t i n g  rate r e s u l t i n g  
from impingement of t h e  shock. A t  90 and 85 km, t h e r e  is l i t t l e  e f f e c t  of 
the shock, whi le  t h e  80- and 75-km r e s u l t s  show s i g n i f i c a n t  a m p l i f i c a t i o n  of 
both p re s su re  and h e a t i n g  rate i n  t h e  s t a g n a t i o n  reg ion .  
A comparison of t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s  wi th  the  5-degree wedge 
with those  f o r  t h e  i s o l a t e d  l ead ing  edge is given i n  Fig. 11 as a func t ion  of 
t h e  product of t he  f r ees t r eam d e n s i t y  and t h e  leading-edge rad ius .  The s o l i d  
l i n e  is t aken  from the  r e s u l t s  of Cuda and Moss, l o  and t h e  p re sen t  r e s u l t s  
c o r r e l a t e  w e l l  f o r  i s o l a t e d  b lun t  l ead ing  edges. The impingement of t h e  
wedge shock causes  the  h e a t - t r a n s f e r  c o e f f i c i e n t  t o  i n c r e a s e  s i g n i f i c a n t l y  
wi th  i n c r e a s i n g  dens i ty .  Since t h e  a c t u a l  h e a t i n g  rate is p r o p o r t i o n a l  t o  
t h e  product of CH and t h e  f r ees t r eam d e n s i t y ,  the i n c r e a s e  i n  h e a t i n g  is 
q u i t e  s i g n i f i c a n t .  
Shock impingement e f f e c t s  on c i r c u l a r  l ead ing  edges have been s t u d i e d  
e x t e n s i v e l y  f o r  hypersonic  flows a t  much h ighe r  d e n s i t i e s  than  t h e  p re sen t  
s tudy.  
Wiet ing and Holden26 d e s c r i b e  i n  d e t a i l  t h e  na tu re  of t he  i n t e r a c t i o n  a t  
continuum flow cond i t ions .  Although n d i r e c t  comparison of t h e  flow d e t a i l s  
from t h e  p re sen t  DSMC c a l c u l a t i o n s  wi th  those  g iven  i n  t h e s e  r e f e r e n c e s  is 
i n a p p r o p r i a t e ,  a q u a l i t a t i v e  comparison of t he  c o r r e l a t i o n  of h e a t i n g - r a t e  
a m p l i f i c a t i o n  with p re s su re  a m p l i f i c a t i o n  may be appropr i a t e .  Using such a 
c o r r e l a t i o n ,  a comparison of t h e  DSMC r e s u l t s  wi th  t h e  shock-boundary-layer 
i n t e r a c t i o n  d a t a  of Kaufman and Johnson23 and t h e  shock- l ip  i n t e r a c t i o n  d a t a  
of Wieting and Holden26 is given i n  F’g. 12. Although no d i r e c t  conclus ions  
should be drawn from t h i s  comparison, t h e  fn t e i - ac t ion  e f f e c t s  p r e d i c t e d  by 
The works of Edney,24 Johnson and Kaufman,25 i3nd more r e c e n t l y  
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the DSMC method do show similar trends to those for shock interactions with 
laminar boundary layers. It also appears that the DSMC results adequately 
represent the shock-lip interactions !:hat might be expected at the lower 
densities. Further DSMC calculations at the higher densitites and/or 
experimental measurements at the lower densities are needed. 
Concluding Remarks - 
This initial DSMC study of interference effects on the hypersonic, 
rarefied flow about flat plates has focused on viscous-inviscid interactions 
relevant to inlet-type geometries. The results have been interpreted from 
somewhat of a continuum viewpoint. However, fo r  the flight conditions 
presented, the distinction between viscous and inviscid regions is difficult 
at best. Therefore, the DSMC results need to be examined in more detail to 
better understand the physics involved in "viscous-inviscid" interactions at 
low densities. 
The geometries studied and the boundary conditions used do not 
necessarily represent realistic hypersonic vehicle problems. This is 
particularly true for the internal flow simulations where the mass flow rate 
depends strongly on the internal geometry and exit boundary conditions. The 
physical scale of the geometry is also important, and calculations for much 
higher Reynolds numbers would be useflll, However, the DSMC method is not 
currently practical for very large vehicles at the high Reynolds numbers. 
Therefore, methods which can combine t he computational capabilities of the 
DSMC method with more conventional coiltinuurn methods are needed. 
In spite of the limitations mentioned, the results of this initial study 
have demonstrated the usefulness of the DSMC method for the analysis of 
complex interaction problems such as those present in hypersonic inlets. The 
1;' 
r e s u l t s  show q u a l i t a t i v e  t r ends  t h a t  appear  t o  be similar t o  those  g iven  by 
a v a i l a b l e  exper imenta l  da t a .  
Acknowledeements 
The au tho r  wishes t o  express  h i s  a p p r e c i a t i o n  t o  G. A. Bi rd ,  J. N. Moss, 
and E. V. Zoby f o r  many h e l p f u l  d i scuss ions .  
References 
'Korkegi, R. H.,  "Survey of Viscous I n t e r a c t i o n s  Associated with High 
Mach Number F l i g h t , "  A I M  J o u r n a l ,  Vol. 9, No. 5, May 1971, pp. 771-784. 
%ass, J. N., "Direct  Simulat ion of Hypersonic T r a n s i t i o n a l  Flow," 
Rare f i ed  Gas Dynamics, e d i t e d  by V. Boff i  and C. Cerc ignani ,  Vol. 1, R. G. 
Teubner,  S t u t t g a r t ,  1986, pp. 384-399. 
3Gupta, R. N. and Simmonds, A. L., "Hypersonic Low-Density S o l u t i o n s  of 
t h e  Navier-Stokes Equat ions wi th  Chemical Nonequilibrium and Multicomponent 
Surface  S l i p , "  AIAA Paper 86-1349, June 1986. 
4Bird ,  G. A., Molecular Gas Dynamics, Clarendon Press, Oxford, 1976. 
5Bird,  G. A., "Monte-Carlo Simulat ion i n  an Engineer ing Context ," AIAA 
Progress  in Ast ronau t i c s  and Aeronaut ics :  Ra re f i ed  Gas Dynamics, e d i t e d  by 
Sam S. F i s h e r ,  Vol. 74, P a r t  1, 1981, pp. 239-255. 
bBird,  G. A . ,  "Direct  Simulat ion of Typica l  AOTV Entry Flows," A I A A  
Paper  86-1310, June 1986. 
Bird ,  G. A., "Nonequilibrium Radia t ion  During Re-Entry a t  10 km/s," I 
AIAA Paper 87-1543, June 1987. 
8Bird,  G. A., "Direct  Simulat ion of Gas Flows a t  t h e  Molecular  Level ,"  
Communications i n  Applied Numerical Methods, Vol. 4, No. 2, March-April 1988, 
pp. 165-172. 
'Bird, G. A. ,  "Thermal and Pressl l re  D i f fus ion  E f f e c t s  i n  High A l t i t u d e  
Flows," AIM Paper 88-2732, J u l y  1988. 
"Cuda, V., Jr., and MOSS, 3. N., "Direct Simulat ion of Hypersonic Flows 
Over Blunt S lender  Bodies," AIAA Paper 86-1348, June 1986. 
"Dogra, V. K., Moss, J. N., and Simmonds , A. L., "Direct Simulat ion of 
Aerothermal Loads f o r  an Aeroass i s t  F l i g h t  Experiment Vehic le , "  AIM Paper  
87-1546, June 1987. 
12Harvey, J. K., "Direct S imula t ion  Monte Car lo  Method and Comparison 
with Experiment," AIAA Progess  i n  As t ronau t i c s  and Aeronaut ics :  
Thermophysical Aspects  of Re-Entry Flows, e d i t e d  by J. N. Moss and C. D. 
S c o t t ,  Vol. 103,  1986, pp. 25-43. 
13Hermina, W. L., "Monte Carlo Simulat ion of Rarefied Flow Along a Flat 
Plate," AZAA Paper 87-1547, June 1987. 
'%loss, J. N. and Bi rd ,  G. A., "Monte Car lo  S imula t ions  i n  Support  of t h e  
S h u t t l e  Upper Atmospheric Mass Spectrometer  Experiment,  " AIAA Paper 85-0968, 
I June 1985. 
'boss, J. N, Cuda, V. ,  Jr., and Simmonds, A. L., "Nonequilibrium E f f e c t s  
f o r  Hypersonic T r a n s i t i o n a l  Flows," A I M  Paper 87-0404, January 1987. 
1 6 C e l e n l i g i l ,  M. C.,  B i rd ,  G. A., and Moss, J. N., "Direct Simula t ion  of 
Three-Dimensional Hypersonic Flow Aboiit I n t e r s e c t i n g  Blunt Wedges ," AIAA 
Paper 88-0463, January 1988. 
"Olynick, D. P., Moss, J. N., and Hassan, H. A., "Grid Genera t ion  and 
~ Adaptat ion f o r  t h e  Direct Simula t ton  Ftonte Carlo Method ," AIAA Paper  88-2734, 
J u l y  1988. 
14 
"Becker, M. and Boylan, D. E., "Experimental F h w  Field Investigations 
Near the Sharp Leading Edge of a Cooled Flat Plate in a Hypervelocity, 
Low-Density Flow," Rarefied Gas Dynamjcs, edited by C. L. Rrundin, Vol. 11, 
Academic Press, 1967, pp. 993-1014. 
"Becker, M., Robben, F., and Cattolica, R., "Velocity Distribution 
Functions Near the Leading Edge of a Flat Plate," AIAA Journal, Vol. 12, No. 
9, September 1974, pp. 1247-1253. 
-
2%urlbut, F. C., "Sensitivity of Hypersonic Flow Over a Flat Plate to 
WalllGas Interaction Models Using DSMC," AIAA Paper 87-1545, June 1987. 
21Nagamatsu, H. T. and Sheer, R. E., Jr., "Heat Transfer on a Flat Plate 
in Continuum to Rarefied Hypersonic Flows at Mach 19.2 and 25.4," AIM 
Progress in Astronautics and Aeronautics: Thermophysical Aspects of Re-Entry 
Flows, edited by J. N. Moss and C. D. Scott, Vol. 103, 1986, pp. 60-78. 
-
22U. S. Standard Atmosphere, 1976. 
23Kaufman, L. G. 11, and Johnson, C. Be, "Weak Incident Shock 
Interactions with Mach 8 Laminar Boundary Layers," NASA TN D-7835, December 
1974. 
24Edney, B. E., "Effects of Shock Impingement on ithe Heat Transfer Around 
Blunt Bodies," AIM Journal, Vol. 6 .  No. 1, January 1968, pp. 15-21. 
25Johnson, C. R. and Kaufman, Louis G. IT, "Interference Heating from 
Interactions of Shock Waves with Turbulent Boundary Layers at Mach 6," NASA 
TN D-7649, 1974. 
26Wieting, A. R. and Holden, M. S . ,  "Experimental Study of Shock Wave 
Interference Heating on a Cylindrical Leading Edge at Mach 6 and 8," A I M  
Paper 87-1511, June 1987. 
15 
Table 1. Freest ream conditions. 
Altitude, Density, Urn, To9 - Mole Fractions* Re$ R L, 
km kg/m:' km/s K XN 2 XO m- ' m xg 2 
90 3 . 4 ~ 1 0 ' ~  7.5 188 0.209 0.788 0.003 2.0x103 2 . 4 ~ 1 0 ' ~  
85 8.2~10'~ 7.5 188 0.209 0.788 0.003 4.9~10~ 9.9~10-i 
80 1.8~10'~ 7.5 188 0.209 0.788 0.003 l.0x104 4.4~10' 
75 4 . 0 ~ 1 0 ' ~  7.5 188 0.209 0.788 0.003 4.3~10~ 2 . 2 ~ 1 0 ' ~  
*Held constant at values appropriate for 90 km. 
Table 2. Parameters based on nose 
radius of blunt-edged flat 
plate. 
[RN = 0.005 m ]  
Altitude, Re- KnOD 
km 
90 10 4.74 
85 24 1.98 
80 52 0.88 
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Fig. 1 Typical shock interactions in  hypersonic i n l e t s .  
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(a )  Sharp-edged plate over f l a t  lower wall .  
Fig. 2 Geometries used €or the calculat ions.  
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( b )  Blunt-edged p l a t e  o v e r  5-degree wedge. 
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Fig. 4 Effect of leading-edge shape on pressure and heat transfer along 
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Fig. 5 Effect of lower wall boundary on pressure and heat transfer along 
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Fig. 6 Interaction of Leading-edge shock with a specular Lower wall 
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Fig. 7 Interaction of leadiqg-edge shock with a d i f fuse  lower wall 
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Fig. 8 Concluded. 
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(a) Temperature . 
Fig. 9 Gray-shaded contours of flowfield for 15-degree wedge lower wall. 
(Darker shades denote higher values.) 
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